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Measurement of the strength of adhesive bonds in multi- layered structures is of 
increasing importance. Ultrasonic NDE methods do not directly determine the strength of a bond 
but indicate characteristics of a bond which may be related to bond strength through empirical 
relationships. One such bond characteristic is its acoustic impedance. Impedance profiling 
methods have long been studied in the field of geophysics and medical ultrasonics [1,2]. In this 
paper the development of an inversion algorithm based on the so called Goupillaud equal travel-
time method is described [3], with the aim of applying it to the NDE of adhesive bonds. 
The algorithm is evaluated using both synthetic and real data to establish the effects of 
noisy data and material attenuation on the accuracy of the reconstructed profiles. Since the 
media of interest can be highly attenuating, a simple loss-correction model has been developed 
which reduces the inaccuracies introduced by material attenuation. 
The impedance profiling algorithm uses the impulse response of the layered structure, 
calculated through deconvolution of the pulse-echo data with a reference signal. The 
performances of three different deconvolution techniques, namely the autoregressive spectral 
extrapolation (ASE) method, the Ll-norm spike extraction method and the frequency domain 
Wiener filter methods, have been compared. 
Finally, in order to establish the relationship between the impedance jump at the bond 
line and the bond strength, calculated impedance values for real samples have been correlated 
with the peel strengths of the bonds obtained through destructive peel tests. 
DESCRIPTION OF METHOD 
Detailed mathematical treatments of the Goupillaud inversion algorithm have been 
described in several other publications [1,2,3,4]. Here a brief outline of the method is given. 
In the Goupillaud model, the heterogeneous medium is divided into N discrete 
homogeneous layers of equal travel-time t!.t, where ~t equals the signal sampling interval. The 
assumed boundary conditions are that the downgoing wave is an impulsive source R= 1 plus the 
reflection from the free surface R(z), and the upcoming wave is the reflection sequence 
Review oj Progress in Quantitative Nondestructive Evaluation, Vol. lOB 
Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New York, 1991 
1335 
(1) 
where the impulse response R(z) is written in terms of its z-transform. Here z = exp(ieMt). The 
reflection and the transmission coefficients at each interface are 
(2) 
(3) 
where Pk and vkare the density and acoustic velocity of the kth layer. The impulse response 
amplitudes can thus be written as 
which leads to the relationship 
(4) 
The solution of equation (4) has been given by CIaerbout 141 in the form of a recursive 
algorithm that gives the reflection coefficient at any layer rk in terms of the known impulse 
amplitudes up to Rk and the coefficients up to the previous layer rk.1. This is in the form of a 
symmetric Toeplitz matrix equation 
R, R 2· .•.. R k-I r I R, 
R, 1 R, r 2 R2 
R2 R, 1 r 3 R3 
R, 
R k-I ••..•.. R 1 1 r k R (5) 
Starting with k=l and solving for rkrecursively, the whole reflection coefficient rj is 
recovered. A fast method of solution for equation (5) is employed which is after Levinson 151. 
The first stage of the computations is thus the calculation of the impulse responses Rk 
from the acoustic pulse-echo signal by deconvolution. Then equation (5) is solved recursively 
using the Levinson method. Having computed the reflection coefficients, starting from a known 
impedance value another recursive relationship recovers the impedance as a function of i (or 
travel time): 
1 - r 
v = __ ip V 
P i+1 i+1 1 + r i i 
i (6) 
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Pulse-echo data (synthetic) for a Slayer structure comprising perspex/araldite/rubber/ 
hypalon/rubber , used as input for the algorithm. 
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The Goupillaud method should be well suited to situations where one encounters large 
impedance variations in the sample, since multiple reflections are included in the derivation of 
the relationships. However due to its recursive nature the method is prone to instability. 
LOSS-CORRECTION MODEL 
In developing a loss-correction model we have assumed that the effect of loss can be 
represented by a low-pass filter associated with each layer. Hence every time a ray traverses 
the layer j, its response is convolved with the filter function Fj(t). We have also assumed that the 
media of interest have linear absorption coefficients for which the filter function would be an 
exponential function of frequency. The form of this filter function in the time domain as given by 
Trorey [6] is as follows: 
(7) 
where I3j is the filter constant for layer j and 'tj is the travel time in layer j. In figure 1, the 
reflected pulse arriving at time t] has been convolved with F](t)2, the pulse at time t2 has been 
convolved with [Fj(t)2 *F2(t)2] and the pulse at time t3 has been convolved with 
[Fj(t)2*F2(t)2*F3(t)2], Therefore in order to recover the loss-corrected impulse response, each 
segment of the lossy impulse response is deconvolved with the appropriate overall filter 
function. 
We are relying on two major assumptions. One is that the multiple reverberations will not 
have a Significant effect on the major features in the impulse response. The second assumption is 
that ignoring the loss in the adhesive layers is not going to significantly affect the outcome. 
RESULTS OF THE ALGORITHM EVALUATION 
From equation (5) it can be seen that the first stage of the impedance calculation is to find 
the impulse response of the layered structure (the Rk's) through a deconvolution of the pulse -echo 
data with a suitable reference signal. 
Three deconvolution techniques have been investigated for this purpose. These were: 
frequency domain Wiener filtering, autoregressive spectral extrapolation (ASE) and Ll- norm 
spike extraction [7], developed by Barrodale Computing Services of Victoria, Canada. 
Figure 2 shows the calculated impulse responses for a rubber / araldite/ aluminium 
sandwich obtained from synthetic pulse- echo data, using three different deconvolution methods. 
These results are with 30% additive white noise, and demonstrate that the L1-norm spike 
extraction method produces the best results. The amplitude errors in this case are about 9% 
compared to 30% for the Wiener filter. 
Figure 3 are the impulse responses for a perspex/ araldite/rubber /hypalon/rubber 
sandwich, obtained from real data. Again an excellent result is obtained for the spike extraction 
method, even compared with the loss-corrected Wiener filter result. 
In figure 4, we demonstrate the effectiveness of the impedance profiling algorithm using 
both real and synthetic data, for different calculated impulse responses. 
Finally, figure 5 shows the correlation betwecn the calculated impedance value at the 
rubber/araldite interface - for a set of rubber/araldite/ AI san<;lwiches with different bonding 
conditions - and the measured peel strength of the bond. When the samples were peeled, they 
appeared to have failed adhesively. From figurc 5 it can be seen that over a range of up to 30% 
partial bonding, good correlation is obtained between the calculated impedance jump at the 
adherend/adhesive interface and the destructively measured peel strength of the bond. 
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Fig. 2. Calculated impulse response ona rubber/araldite/aluminum sandwich, using synthetic 
pulse-echo data with 30% additive white noise. (a)- Frequency domain Wiener filter; 
(b)- Autoregressive spectral extrapolation; (c)- Ll-norm spike extraction. 
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Fig. 3. Calculated impulse response for a 5-layer sandwich, obtained from real pulse-echo data. 
(a)- With frequency domain Wiener filter. Attenuation has reduced the amplitude and 
broadened the deeper spikes. (b)- With Wiener filter and loss-correction. (c)- With U-
norm spike extraction (no loss-correction). 
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Fig. 4. (a)- The calculated impedance profile for a 5-layer sandwich of perspex/araldite/ 
rubber/hypalon/rubber, with synthetic pulse-echo data. Actual impedance (solid line), 
and calculated impedance (dashed line). (b)- Calculated impedance profile for a 5 layer 
sandwich, with real pulse-echo data. Actual impedance (dotted line), impedance profile 
from an impulse response calculated using Wiener filter and loss-correction (solid line), 
and profile from an impulse response calculated using U-norm spike extraction and no loss 
correction (dashed line) 
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Fig. 5. The calculated impedance jumps at the adherend/adhesive interface correlated with the 
measured peel strengths, for a set of samples prepared with different bonding conditions. 
CONCLUSIONS 
An inversion algorithm has been developed and evaluated for recovering the acoustic 
impedance profile of a multi-layered structure from a single pulse-echo measurement. The 
calculated impedance values at an adherend/adhesive interface have been shown to be 
dependent on the peel strength of the bond. 
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